Abstract: This paper investigates the path following control problem of an unmanned surface vessel (USV) subject to input saturation and uncertainties including model parameters uncertainties and unknown time-varying external disturbances. A nonlinear robust adaptive control scheme is proposed to address the issue, more specifically, steering a USV to follow the desired path at a certain velocity assignment despite the involved disturbances, by utilizing the finite-time currents observer based line-of-sight (LOS) guidance and radial basis function neural networks (RBFNN). Backstepping and Lyapunov's direct method are the main design frameworks. Based on the finite-time currents observer and adaptive control technique, an improved LOS guidance law is proposed to obtain the desired approaching angle to the desired path, making compensations for the effects of unknown time-varying ocean currents. Then, a kinetic controller with the capability of uncertainties estimation and disturbances rejection is proposed based on the RBFNNs, where the adaptive laws including leakage terms estimate the approximation error and the unknown time-varying disturbances. Subsequently, sophisticated auxiliary control systems are employed to handle input saturation constraints of actuators. All error signals of the closed-loop system are proved to be locally uniformly ultimately bounded (UUB). Numerical simulations demonstrated the effectiveness and robustness of the proposed path following control method.
Introduction
Unmanned surface vessel (USV) as an intelligent and autonomous marine equipment has received more and more attention from the control community, for broad application in the cluttered ocean environment, especially in cases where human intervention is not possible [1] . Generally speaking, three different types of control technologies play a crucial role in the development of USVs: path following control, trajectory tracking control and set-point control [2] . Many researchers propose lots of relevant control strategies and address the issues to a various extent. This study continues along the works and contributions of the predecessors. This paper aims at the path following control, mainly discussing the guidance and control of a USV. Path following is usually defined as steering a vessel to follow the desired path at a certain speed, which is not specified with temporal constraint [3] . Although there are considerable theoretical studies regarding the path following and practical engineering achievements, practical studies of the path following control for USVs have progressed haltingly amid great difficulties. It is essential to develop a highly accurate and robust path following controller for a USV when executing various vital missions. Therefore, under the circumstance of severe sea state, the safe operation and mission execution can be guaranteed. external disturbances. In addition, it should be noted that few of the aforementioned path following control schemes take into account input saturation. In fact, the practical constraint of actuators determined by the maximum forces and moments would degrade the performance of the control system or even make it unstable. Therefore, it is essential to implement the emulate of the constraint on the control laws design process for reliability and robustness.
Motivated by the observations and considerations mentioned above, a finite-time currents observer based ILOS guidance is proposed to deal with unknown time-varying ocean currents, which is suitable for any desired parametric path with high accuracy control performance. Subsequently, adaptive control laws based on the RBFNN are designed, which solve input saturation with sophisticated auxiliary systems simultaneously. A robust adaptive controller is developed to address the path following problem, which is verified to be effective via numerical simulations. The main contributions of the paper are summarized as follows.
(1) A finite-time currents observer based LOS guidance is presented to obtain the desired yaw angle and estimate the unknown time-varying ocean currents precisely, which significantly influences the performance of the control subsystem. ( 2) The RBF neural networks are incorporated into the kinetic controller to solve the uncertainties, which does not require any prior knowledge of the dynamics of the USV and disturbances, and the adaptive laws are designed to estimate the compound bounds of approximating errors and external time-varying disturbances. (3) The input constraint effect is analyzed with auxiliary systems and the states of auxiliary systems are utilized to make compensations for input saturation, which attenuates the challenge of the actuators.
The rest sections are organized as follows. Section 2 presents the preliminaries and problem formulation. Section 3 provides the design details of the guidance, the kinetic controller, and the stability analysis. Simulation results are presented and analyzed in Section 4. Finally, Section 5 concludes the paper.
Preliminaries and Problem Formulation

RBFNN Approximation
Consider an unknown smooth nonlinear function f (x) : R m → R can be approximated on a compact set Ω ∈ R m by the following RBFNN:
where x ∈ Ω is the input vector, ε is the approximation error and satisfies |ε| ε andε is a constant, and the node number of the NN is l > 1. W * ∈ R l represents the optimal weight vector, which is defined by
whereŴ is the estimation of W * . ϕ(x) = [ϕ 1 , ϕ 2 , . . . , ϕ l ] T : Ω → R l represents the radial function vector, the element of which is chosen as the Gaussian function:
where
T are the centers of receptive field and spread of the Gaussian function, respectively.
USV Model
As illustrated in Figure 1 , the position and orientation describe the horizontal plane motion of a USV neglecting roll, pitch, and heave, where {i} and {b} represent the inertial frame and body fixed frame, respectively. The desired continuous path
T is parameterized by a scalar variable θ and P = [x, y] T is the position coordinate. The kinematic equations of a USV can be described by relative velocities as follows [23] 
where u r and v r are the relative surge and sway velocities; x, y, and ψ express the position and orientation in {i}; and V x and V y are the ocean currents represented in {b}. The dynamics of a USV is expressed as follows [25] 
where the positive constant parameters m jj (j = 1, 2, 3) are the inertia including added mass; d ii , d ui , d vi , and d ri (i = 2, 3) are the linear and quadratic hydrodynamic damping in surge, sway, and yaw; τ wu , τ wv , and τ wr are the unknown time-varying environmental disturbances; and τ u and τ r are the available control inputs of the surge force and the yaw moment thereby viewing it as the underactuated control problem. Since the model parameters are directly related to the operation conditions [26] , the parameters of the model is uncertain. Actually, due to the physical constraint, the control inputs are subject to nonlinear saturations, which is shown as follows
where τ i min and τ i max (i = u, r) are the minimum and maximum control inputs produced by the actuators, referring to actual constraints of the motor's rotational speed and rudder deflection; and τ i0 is the command control input of the path following controller.
Assumption 1.
Assume that all states of a USV are measurable. 
Remark 1.
Note that in (5) the off-diagonal terms of the inertia and damping are ignored. No matter a large scale surface vessel or a highly maneuverable unmanned surface vessel, these terms are relatively small than the main diagonal terms. Therefore, it is reasonable to omit these terms.
Remark 2.
The external disturbances τ wu , τ wv , and τ wr in Equation (5) represent the compound disturbances of the wind and wave disturbances. The ocean currents as the form of hydrodynamic terms with relative velocities are represented in Equation (4). 
Control Objective
In Figure 1 , a local path parallel reference frame is denoted as {pp}. To arrive at{pp}, {i} should be rotated an angle γ p (θ) = atan2 (y d (θ), x d (θ)), where the notation y d (θ) = dy d (θ)/dθ is used. Therefore, the position errors can be given as follows
where x e and y e are the along-tracking error and cross-tracking error, respectively, and R(γ p ) is the rotation matrix. Meanwhile, we also havė
where U pp , 0 T is the velocity of {pp} with respect to {i}, represented in {pp}.
The path following control problem is concerned with designing control laws to reach and then keep following the desired path. Once the path is reached, the vessel can maintain a desired surge velocity assignment of u d . It is worth noting that a constant speed profile is frequently chosen in many cases. Therefore, the control objective is as follows:
where δ 1 , δ 2 , and δ 3 are small positive constants. Meanwhile, it is guaranteed that all error signals of the closed-loop system are locally UUB.
Assumption 3.
The desired path should be sufficiently smooth such that its first derivativeṖ d is bounded. In addition, the desired speed assignment u d and its first derivative are bounded.
Main Results
This section presents the design details of the path following controller to satisfy the control objective that concluded in Section 2. The whole controller consists of two parts: the modified ILOS guidance module and the kinetic controller, which is shown in Figure 2 . The ILOS guidance is utilized to calculate the desired yaw angle, where the constructed finite-time currents observer can provide the fast and precise estimation of the unknown time-varying ocean currents. By incorporating the RBFNNs into the backstepping design method, the kinetic controller are developed. Finally, the stability analysis is presented to validate the feasibility of the proposed control approach. 
Guidance
This section is devoted to designing the ILOS guidance to calculate the approaching angle with respect to the desired path. Then, the time derivative of Equation (7) is taken to obtain the position errors dynamics
By using the kinematic relationship given by Equation (8),
In addition, the virtual target velocity U pp can be regarded as the extra degree-of-freedom to stabilize the cross-tracking error [5] . To prescribe the desired yaw angle ψ d for ψ, the following form of the guidance law is taken
where β r = atan2 (v r , u r ); ∆ is the specific look-ahead distance; and α y is the virtual control input. It should be noted that α y is introduced to shape the dynamics of the ILOS guidance by inherently adding an integral action.
Estimations of Ocean Currents
Before designing the kinematic controller, the unknown ocean currents need be identified precisely. The finite-time currents observer for V x and V y are designed as follows:
Theorem 1. Considering the proposed finite-time currents observer in Equation (12), the unknown time-varying ocean currents ν can be precisely estimated within a finite time.
Proof. According to Equation (4), we haveε
Together with the finite-time currents observer, we have
whereε e =ε e − ε e andν =ν − ν.
In light of Lemma 2 in [27] , one can immediately have observer errorsε e andν converge to zero within a finite time. It implies that there exists a finite time T 0 and finite constants ε b and v b such that
This concludes the proof. Therefore, the parametric currents estimation errorsθ x = θ x −θ x andθ y = θ y −θ y satisfy the following inequality
Remark 3. With the availability ofV x andV y of the finite-time currents observer, the estimations of parametric currentsθ x andθ y can be reliably obtained.
Design of Kinematic Controller
In this section, the kinematic control laws including the virtual control law and path variable update law are presented.
Substituting Equation (11) into Equation (10) 
Solving for α y provides a credible solution (the negative root) as follows
In this case, the boundedness ofθ y /U r must be ensured such that θ y /U r < 1. Thus, the boundedness of the parametric ocean currents is defined such that θ y < M θ < U r .
The desire target velocity U pp is chosen to stabilize x e as follows
where k 1 is a positive design parameter. Thus, the path variable update law can be obtained according to Equation (8):θ
Therefore, substituting Equations (18) and (19) into Equation (17), we have 
Design of Kinetic Controller
In this section, a kinetic controller is designed to track the desired approaching angle and the desired surge velocity. Letr = r − r d andũ r = u r − u d be the attitude tracking error and surge velocity tracking error, respectively, where r d is the virtual control law and u d is the desired surge velocity.
According to Equation (4), the time derivative ofψ is given bẏψ
To stabilize Equation (23), the desired intermediate control law for r d is chosen as"
where k 2 is a positive design parameter. From Equation (5), the dynamics ofr andũ r are given as follows
Since the inertia and damping parameters are unknown, RBFNNs are employed to handle the unknown parts Therefore, the nominal control inputs are chosen as follows by considering the input saturation
with update laws  
where k 3 and k 4 are positive design parameters; k ζ1 and k ζ2 are positive design parameters;δ i (i = 1, 2) is the estimation of δ i ; h(r) = tanh (r/χ r ), h(ũ r ) = tanh (ũ r /χ u ), χ j (j = r, u) is a positive constant; Γ i (i = 1, 2) is a positive define design matrix; λ i (i = 1, 2) is a small design parameter; δ 0 j (j = r, u) is the prior estimation of δ j ; and σ i (i = 1, 2) is the state of the auxiliary system.
To compensate for the constraint effects of input saturation, auxiliary dynamic systems [28] are given as followsσ
where k σ i (i = 1, 2) are positive design parameters; µ i (i = 1, 2) are small positive constants; ∆τ r = τ r − τ r0 ; ∆τ u = τ u − τ u0 . Therefore, the closed-loop attitude and surge velocities tracking errors dynamics become by virtue of Equations (25) to (27) 
whereW i =Ŵ i − W * i (i = 1, 2) are weight matrix estimation errors; andδ i =δ i − δ i (i = 1, 2) are the adaptive terms estimation errors.
Stability Analysis
In this section, the main theorem of the path following controller is presented. (4) and (5) in the presence of uncertainties and unknown external time-varying disturbances under input saturation, and suppose that Assumptions 1 and 2 are satisfied, under the guidance law in Equation (11) along with the finite-time currents observer in Equation (12) . The given path is parameterized by θ with the update laws in Equation (21) , and the desired velocity u d is given as well. The control laws in Equation (27) together with the adaptive laws in Equations (28) and (29) 
Theorem 2. Consider the USV model in Equations
Taking the time derivative of Equation (33) along with Equations (22)- (24) and (32) yieldṡ
(1) When |σ i | µ i (i = 1, 2), according to Equations (27) to (30) 
Consider the following inequality of the hyperbolic tangent function holds for any χ > 0 and for any ∈ R [29] 
where κ χ is a constant that satisfies κ χ = e −(κ χ +1) , i.e., κ χ = 0.2785. It is worth noting that the following equalities hold 
, λ min (•) denotes the minimum eigenvalue of a matrix, and
According to Equations (30) and (31) and
2 .
Synthesizing Equations (41) and (42), we havė
where κ = min{κ 1 , κ 2 } and ϑ = max{ϑ 1 , ϑ 2 } with the design parameters satisfying the conditions:
Then, the following inequality can be obtained
In conclusion, it follows the definition of V that the tracking error signals η e = [x e , y e ,ψ,r,ũ r ] T are locally UUB, which ultimately converges to the compact sets
The ultimate compact set can be easily tuned by adjusting the design parameters. Meanwhile, the parameters estimation errorsW 1 ,W 2 ,δ 1 , andδ 2 are locally UUB. Theorem 2 is thus proved.
Sway Dynamics
For the sway velocity dynamics, considering the Lyapunov function V v =
u r r. Based on the above analyses, the boundedness ofũ r andr is guaranteed, thus χ is bounded. It should be noted that d vi and m ii (i = 2, 3) are positive constants. According to Krstic, M.; Kanellakopoulos, I.; Kokotovic, P. V. [30] , we have
Therefore, the boundedness of the sway velocity v r is guaranteed.
Simulations
The effectiveness and robustness of the proposed path following control method were evaluated based on the platform of MATLAB. The Cybership II [31] was taken as the control object whose parameters were as follows: m 11 = 25.8, m 22 = 33.8, m 33 = 2.76, d 11 = 0.9257, d 22 = 2.8909, d 33 = 0.5. For simplicity, we ignored the off-diagonal terms of the inertia and damping. The maximum actuated force and moment were 2 N and 1.5 Nm. From the beginning of the simulations, the ocean currents with time-varying speed were given as V x = 0.08 sin (0.1t) m/s and V y = 0.04 sin(0.1t) m/s. The time-varying external disturbances were generated with the first-order Markov procesṡ τ wu + ς 1 τ wu = w 1 ,τ wv + ς 2 τ wv = w 2 ,τ wr + ς 3 τ wr = w 3 , where w i and ς i (i = 1, 2, 3) are zero-mean Gaussian white noise and constants, respectively [32] . The parameters of the controller are listed in Table 1 The simulation results are shown in Figure 3a -g. Table 2 summarizes the performance indices based on the integrated absolute error (IAE) and the time integrated absolute error (ITAE), which were used to evaluate the transient performance and steady-state performance. The proposed FCONN control method could drive the USV following the desired path with a high-precision and better transient process (Figure 3a) . Their detailed distinction is more clearly shown in Figure 3b ,c, specifically the smaller along-and cross-tracking errors and the smaller heading and surge velocity tracking errors. Meanwhile, the lower IAE and ITAE metrical values of the cross-tracking error revealed the better transient and steady-state performance. Figure 3d shows that the proposed finite-time currents observer could identify the time-varying currents accurately, whereas the IAONN control scheme had an obvious oscillation during the transient process, as well as lower accuracy in the steady state. Figure 3d demonstrates that the RBFNNs could capture the unknown dynamical uncertainties precisely and Figure 3e presents the compound bounds and their estimation, which played decisive roles in driving the dynamics state r and u r to their real value. Figure 3f depicts the profile of the control inputs where the input saturation (IS) problem Was effectively compensated by the auxiliary system. The control inputs of the proposed method were in the specified region. Hence, in the case, the proposed FCONN path following control method was more effective and robust according to these simulation results. Table 2 . As illustrated in Figure 4a , although following the curvilinear path, the proposed FCONN method behaved almost the same in both control scenarios. As shown in Figure 4b , the along-and cross-tracking errors oscillated to varying degrees for the poor performance of IAONN, whereas the position errors of FCONN could smoothly and steadily converge to a small neighborhood around zero within a short time. Moreover, the smaller IAE and ITAE metrical values verified it. Figure 4c shows the slight oscillation of the heading and surge velocity tracking error of IAONN. Moreover, in Figure 4d , the poor performance of estimating ocean currents of IAONN undoubtedly degraded the tracking performance. Figure 4e ,f shows the exceptional performance of the dynamical uncertainties estimation and disturbance rejection of the FCONN method. In addition, the control inputs were in the specified region for introducing the auxiliary system, as depicted in Figure 4g . Overall, the proposed control method achieved satisfactory performance and robustness in both cases with fast and accurate estimations of the unknown time-varying ocean currents and dynamical uncertainties, and satisfactory rejection of external disturbances. [N] 
Conclusions
In this paper, a path following control scheme for a USV subject to input saturation and uncertainties has been proposed by resorting to the finite-time currents observer based ILOS guidance, the adaptive RBFNN, and the auxiliary dynamic system. The finite-time currents observer based ILOS guidance is applied to obtain the desired yaw angle, where the incorporated finite time currents observer can provide the precise estimations of the unknown time-varying ocean currents. Simultaneously, the RBF neural networks and the adaptive laws with leakages terms can provide the precise estimations of dynamical uncertainties and the compound bounds of the approximation errors and external disturbances, without knowing any prior knowledge of the time-varying disturbance. The auxiliary control system is introduced to handle input saturation of the actuators. It has been proved that all error signals of the closed-loop system are locally UUB. Finally, both linear and curved path following are presented and compared with the preceding control method. Simulations results have verified that the proposed control method can achieve satisfactory performance and robustness. Future work will cover the aspect of the position error constraint to ensure that the USV can work in these situations including the narrow passage and the channel between obstacles, as well as the precise estimation of the sideslip angle.
